Gypothamnium and Oxyphyllum (Asteraceae) are two monotypic genera endemic to the Atacama Desert of northern Chile. We performed a phylogenetic analysis using published sequences of the plastid rbcL and ndhF genes, the trnL-trnF region and the nuclear ribosomal internal transcribed spacer (ITS) to assess the systematic placement of the two genera within Mutisioideae. On the basis of the phylogenetic results, we constructed area cladograms to explore the biogeographical relationships and origin of the genera. The phylogenetic analysis showed that Gypothamnium is closely related to Aphylloclados, Plazia, Urmenetia, Lycoseris and Onoseris, whereas Oxyphyllum is closely related to Leucheria, Moscharia, Polyachyrus and, with low support, Jungia. These results do not differ substantially from those proposed in previous treatments based on morphological characters. The biogeographical analysis suggests that Gypothamnium in the coastal Atacama Desert is related to taxa that are currently distributed in eastern subtropical South America and in the Puna. Oxyphyllum may have originated from central Chile and other areas in southern South America, but its sister group (Leucheria + Polyachyrus) also reaches the Puna and the coastal Atacama Desert. Both groups show ancestral affinities with elements currently distributed in north-western South America and Mesoamerica.
INTRODUCTION
The systematics of the tribe Mutisieae s.l. (Asteraceae) has been the subject of several recent studies. Such studies have shown Barnadesiinae, formerly included in Mutisieae (Bentham, 1873; Cronquist, 1955; Cabrera, 1977; Bremer, 1987; , to be sister to the rest of Asteraceae (Jansen & Palmer, 1987 Jansen et al., 1990; Hansen, 1991a; Jansen, Michaels & Palmer, 1991; Kim & Jansen, 1995; Bayer & Starr, 1998; Kim, Choi & Jansen, 2005) , which subsequently has been segregated as subfamily Barnadesioideae Bremer, 1994; generic relationships concerning Mutisieae have remained controversial (Kim, Loockerman & Jansen, 2002) . It has been suggested that Mutisieae s.l. is polyphyletic (Kim et al., 2002; Panero & Funk, 2002; Funk et al., 2005) , the subtribe Nassauviinae is monophyletic (Jansen & Palmer, 1988; Bremer, 1994; Kim et al., 2002; Katinas et al., 2008; Panero & Funk, 2008) , whereas each of subtribes Gochnatiinae and Mutisiinae seems to be non-monophyletic (Jansen & Palmer, 1988; Kim et al., 2002) . At the generic level, Funk et al. (2005) synthesized results from all major phylogenetic studies on Asteraceae (see references therein) to build a supertree of the family. These authors considered 34 genera in Mutisieae, which represent 40% of the generic diversity of the group. Recently, Panero & Funk (2008) presented a phylogenetic hypothesis of the entire Asteraceae based on ten plastid loci and with a sampling of 108 taxa, among which 53 genera belonged to Mutiseae s.l. (Cabrera, 1977) . These authors provided support for the main clades of the family and circumscribed subfamily Mutisioideae to be composed of the monophyletic tribes Onoserideae, Nassauvieae and Mutisieae (Panero & Funk, 2002 . Several taxa traditionally included in Mutisieae were proposed to be segregated to subfamilies Sitfftioideae, Wunderlichioideae, Gochnatioideae, Hecastocleidoideae and Carduoideae (Panero & Funk, 2008) . The genera Gypothamnium Phil. and Oxyphyllum Phil., traditionally treated as members of Mutisieae s.l. (Hoffmann, 1897; Reiche, 1905; Crisci, 1974a; Cabrera, 1977; Bremer, 1994; Hind, 2007; Panero & Funk, 2007) , have not been included in any of the previous molecular studies. The systematic position of Gypothamnium and Oxyphyllum needs to be assessed with molecular evidence.
Gypothamnium and Oxyphyllum ( Fig. 1 ) were described by Philippi (1860) after his travel to the Atacama Desert in the 19th century. They are both monotypic and endemic to the coastal Atacama Desert of northern Chile (Johnston, 1929; Moreira-Muñoz & Muñoz-Schick, 2007) .
Gypothamnium has been associated to Plazia Ruiz & Pav. (Johnston, 1929; Cabrera, 1951; Grau, 1987; Bremer, 1994; Panero & Funk, 2007) . Hoffmann (1897) and Reiche (1905) actually included it in Plazia. Plazia may be related to Onoseris Willd., Lycoseris Cass., Aphylloclados Wedd. and Urmenetia Phil., according to morphological and molecular evidence (Hoffmann, 1897; Cabrera, 1951; Hansen, 1991a; Karis, Kallersjo & Bremer, 1992; Bremer, 1994; Kim et al., 2002; Katinas et al., 2008; Panero & Funk, 2008) , and together they constitute tribe Onoserideae (Panero & Funk, 2007 . Bremer (1994) included Gypothamnium in the 'Plazia group', but did not assign the group to any subtribe within Mutisieae. The Plazia group is characterized by the foliage of closely set and narrow leaves, sessile capitula and, especially, the rather stout, truncate, coloured anther appendages, that are shared by all genera in the group, i.e. Aphylloclados, Gypothamnium and Plazia (Bremer, 1994) . Hind (2007) included these genera in subtribe Mutisiinae. Panero & Funk (2008) showed phylogenetic relationships between Onoseris [associated by Bremer (1994) to Urmenetia] and Lycoseris, and argued for the monophyly of Onoserideae (Panero & Funk, 2007 . Morphology generally confirms these relationships (Hansen, 1991b; Tellería, Urtubey & Katinas, 2003; Sancho, 2004; Tellería & Katinas, 2004) . On the basis of karyology, Grau (1987) considered Gypothamnium (2n = 72) as a palaeopolyploid in relation to the allied genera Plazia (2n = 54) and Onoseris (2n = 36), with lower chromosome numbers (Covas & Schnack, 1946; Cabrera, 1977; Grau, 1987) . To our knowledge, no chromosome counts have been reported for Aphylloclados, Lycoseris and Urmenetia.
Oxyphyllum was included by Hoffmann (1897) and Reiche (1905) in Mutisieae-Nassauviinae, as a close relative of Leucheria Lag., from which it differs by its shrubby habit and glabrous leaves. Johnston (1929) and Crisci (1980) also suggested its position as a close relative of Leucheria within Nassauviinae. Crisci (1974a) suggested that Oxyphyllum is an 'advanced stage of development in the subtribe, the product of colonization by the Nassauviinae of a very special environment. ' Bremer (1994) included Oxyphyllum in the 'Leucheria group', which belongs to Nassauviinae, together with Nassauvia Comm. ex Juss., Leucheria, Perezia Lag., Holocheilus Cass., Pamphalea Lag., Macrachaenium Hook. f., Moscharia Ruiz & Pav., Polyachyrus Lag. and Triptilion Ruiz & Pav., and related Oxyphyllum to Nassauvia, but specified that the intergeneric relationships are unclear. In agreement with Vuilleumier (1969), Crisci (1974a) and Hansen (1991a ), Bremer (1994 pointed out that two subgroups can be recognized within the Leucheria group: one composed of the two large genera Leucheria and Perezia and the other composed of the rest of the genera, with the exception of Oxyphyllum, the position of which remains uncertain. Chromosome numbers have not been reported for Oxyphyllum but, for the rest of the putative allied genera of the Leucheria group, the numbers vary from 2n = 8 (Perezia), 2n = 16 (Perezia), 2n = 22 (Holocheilus, Nassauvia) and 2n = 24 (Perezia) to 2n = 40 (Leucheria, Moscharia) and 2n = 42 (Nassauvia, Polyachyrus) (Crisci, 1974a; Cabrera, 1977; Grau, 1987) , although the monophyly of the relatively large and karyologically variable genera Nassauvia (c. 40 species) and Perezia (c. 30 species) has not been assessed. Pollen data (Hansen, 
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1991b; Tellería et al., 2003) also confirm the close relationships of Oxyphyllum with Leucheria, Moscharia, Nassauvia, Perezia, Polyachyrus and Triptilion. Recent phylogenetic studies (Katinas et al., 2008; Panero & Funk, 2008) have confirmed the monophyly of Nassauvieae. These studies, although based on different taxon samplings and different molecular markers, provided largely congruent hypotheses of the phylogenetic relationships within Nassauvieae, which differ from previously published studies (Bremer, 1994; Kim et al., 2002; Funk et al., 2005) .
Chemical studies, largely focused on di-and sesquiterpenes, have been carried out on the species under study (Zdero, Bohlmann & Niemeyer, 1988a, b) and allied taxa (Bittner et al., 1994) . They seem to be of little systematic value in Asteraceae, at least at the subtribal and lower taxonomic levels (Zdero et al., 1988a, b; Alvarenga et al., 2005) .
Biogeographical analyses of Gypothamnium and Oxyphyllum have not been published. Moreira-Muñoz & Muñoz-Schick (2007) placed the genera in the category of the 'endemic' element of the flora of Chile, showing a distribution map of each genus. In the context of the biogeography of the Atacama Desert, Katinas & Crisci (2000) and Katinas et al. (2008) suggested that the close relatives of the genus Polyachyrus are distributed in central Chile and that some species of Polyachyrus have reached the arid environments of the coastal Atacama Desert from central Chilean ancestors through range expansion in response to wetter phases during the Pleistocene. For Malesherbia Ruiz & Pav. section Malesherbia (Malesherbiaceae), Gengler-Nowak (2002) has postulated a Pleistocene colonization of the coastal environments of the Atacama Desert from Andean ancestors currently distributed in the valleys and canyons of the Andean foothills in southern Peru and northern Chile; the isolation of the coastal representatives may have been the result of increasing aridity in the Quaternary. Heliotropium L. section Cochranea (Miers) Kuntze has been suggested to have originated in the middle Miocene as a consequence of the uplift of the Andes, following a Pliocene radiation in the coastal Atacama (Luebert & Wen, 2008) . For Tropaeolum L. section Chilensia Sparre, Hershkovitz, Hernández-Pellicer & Arroyo (2006b) suggested that the desert taxa are closely related to species from central Chile.
We examine the systematic relationships of Gypothamnium and Oxyphyllum using sequences of the plastid rbcL and ndhF genes, the trnL-trnF region and the nuclear ribosomal internal transcribed spacer (ITS), and assess their systematic placement in Mutisioideae. The phylogenetic results are employed to analyse the geographical diversification of the allied genera within the framework of the Atacama Desert biogeography.
MATERIAL AND METHODS

PLANT MATERIAL SELECTION AND NOMENCLATURE
Two samples of each of the two species, Gypothamnium pinifolium and Oxyphyllum ulicinum, were sequenced for the plastid rbcL gene, the ndhF gene, the trnL-trnF region and the nuclear ribosomal ITS. These molecular markers have been extensively sampled in Mutisioideae (Kim et al., 2002; Katinas et al., 2008; Panero & Funk, 2008) . Sequences were deposited in GenBank. We obtained 38 additional ndhF sequences of Mutisioideae (sensu Panero & Funk, 2008) and three sequences of Barnadesioideae from GenBank. These sequences were reported previously by Kim & Jansen (1995) and Kim et al. (2002) . We also obtained 78 sequences of Mutisioideae and six of Barnadesioideae of trnL-trnF and ITS from GenBank. These sequences correspond to 42 species and were reported previously by Funk, Chan & Keeley (2004) and Katinas et al. (2008) . In addition, the rbcL, ndhF and trnL-trnF sequences reported by Panero & Funk (2008) , corresponding to 22 species of Mutisioideae and two of Barnadesioideae, were aligned together with our sequences of Gypothamnium and Oxyphyllum. The GenBank accession numbers of these sequences are listed in Appendix 1.
To assess the systematic placement of Gypothamnium and Oxyphyllum, we built three different matrices, one with the ndhF gene, one with the combined trnL-trnF and ITS, and one with rbcL, ndhF and trnL-trnF, mainly relying on the mentioned GenBank accessions. Nomenclature at the generic level follows Hind (2007 DNA was extracted from leaf tissue samples dried with silica gel using a modified cetyltrimethylammonium bromide (CTAB) method (Doyle & Doyle, 1987) . Polymerase chain reaction (PCR) amplifications were performed in a Peltier PTC-255 thermal cycler (MJ Research Inc., Watertown, MA, USA) in a 20-mL volume containing 1 U of Taq polymerase, 2.5 mM MgCl2, 125 mM of each deoxynucleoside triphosphate (dNTP), 0.5 mM of each primer and about 25 ng of template. Amplification primers for ndhF were the same as those in Olmstead & Sweere (1994) and Oxelman, Backlund & Bremer (1999) , and the cycling conditions followed Kim & Jansen (1995) . Amplification primers for trnL-trnF and ITS were those of Taberlet et al. (1991) and White et al. (1990) , respectively, and cycling conditions followed Katinas et al. (2008) . The rbcL gene was amplified in two segments with the primer pairs 1F-724R and 636F-1460R (Olmstead et al., 1992; Fay, Swensen & Chase, 1997) in 35 cycles of 45 s at 94°C, 45 s at 55°C and 1 min at 72°C, with a final extension of 4 min at 72°C. The PCR products were purified with the polyethylene glycol (PEG) precipitation procedure (Rosenthal, Coutelle & Craxton, 1993) and cycle sequencing was performed with BigDye Terminator v3.1 (Applied Biosystems, Foster City, CA, USA) following the manufacturer's instructions. Each sample was sequenced in both the forward and reverse directions. The resulting sequences were assembled using Sequencher 4.1.10 (Gene Codes Corporation, Ann Arbor, MI, USA), and then aligned manually using Se-Al 2.0a11 (Rambaut, 1996) .
PHYLOGENETIC ANALYSIS
Maximum parsimony (MP; Farris, Kluge & Eckardt, 1970) , maximum likelihood (ML; Felsenstein, 1981) and Bayesian (BA; Mau, Newton & Larget, 1999) analyses were carried out for each data matrix. MP and ML analyses were conducted using PAUP* 4.0 (Swofford, 2003) , and BA was performed using BEAST v.1.4.7 (Drummond & Rambaut, 2007) . Modeltest v.3.06 (Posada & Crandall, 1998) was used prior to ML and BA to determine the best-fit nucleotide substitution model for the dataset. MP analysis was performed with the heuristic search setting MaxTrees to 50 000, random taxon-addition replicates to 100, tree bisection-reconnection branch swapping, multitrees in effect, collapsing branches of zero length, characters as equally weighted and treating gaps as both missing data and coded as recommended by Simmons & Ochoterena (2000) . Branch support of the maximally parsimonious trees (MPTs) was assessed with bootstrap analysis, using a heuristic search with 1000 replicates and the same settings as used in the MP search. ML analysis was performed with the heuristic search under the selected substitution model and setting random taxon-addition replicates to 10, tree bisection-reconnection branch swapping, multitrees in effect and collapsing branches of zero length. BA was carried out under the selected model for 10 000 000 generations with a sampling frequency every 1000 generations. The monophyly of Mutisioideae was enforced using the program BEAUti v.1.4.7 (Drummond & Rambaut, 2007) . The first 1000 trees were discarded as 'burnin'.
Both samples of O. ulicinum present incomplete ndhF sequences with 65% missing data at the end of the ndhF aligned matrix. It is certainly desirable to have the complete sequences for these samples. Given the total number of characters taken into account, the amount of missing data should not affect dramatically the phylogenetic accuracy of the analyses (Wiens, 2003) . To assess the accuracy of the resolved position of Oxyphyllum, given the amount of real missing data in the species, we bootstrapped our original data matrix 1000 times, excluding Oxyphyllum, using the program Mesquite v.1.12 (Maddison & Maddison, 2006) . For each bootstrapped matrix, an additional matrix with a randomly selected taxon with 65% missing data at the end, was generated. For each matrix, an MP analysis was carried out with PAUP, saving 1000 trees (Maxtrees) in each search, to ensure a reasonable processing time, and, for each search, a strict consensus tree was computed. For each tree containing one taxon with missing data, the position in the tree of this taxon was compared with its position in the tree generated from the corresponding complete bootstrapped matrix. The same position was considered when the three closest related taxa were the same and formed the same topology. The percentage of times in which the position of the taxon with missing data did not change in relation to the complete dataset was computed. This value was used as a measure of the accuracy of the position of Oxyphyllum.
BIOGEOGRAPHICAL ANALYSIS
The geographical distribution of Oxyphyllum and Gypothamnium was determined by examining material from the herbaria SGO, EIF, F, GH, CONC and ULS. The distribution of their related groups was accounted for by checking into the pertaining mono-graphic and floristic studies (for example, Bacigalupi, 1931; Cabrera, 1936 Cabrera, , 1951 Cabrera, , 1953a Cabrera, , b, 1968 Cabrera, , 1977 Cabrera, , 1982 Ferreyra, 1944 Ferreyra, , 1995 Fabris, 1968; Vuilleumier, 1969; Anderson, 1972; Crisci, 1974a Crisci, , b, 1976 Ricardi & Weldt, 1974; Egeröd & Ståhl, 1991; Harling, 1995; Dillon, 2005) . The resulting distribution areas were visually analysed by tracing them onto the respective cladograms obtained from the phylogenetic analysis. Area cladograms (Page, 1988) were then constructed for each dataset using the software Component v.2.0 (Page, 1993) , available at http://taxonomy.zoology.gla. ac.uk/rod/cpw/index.html, in order to examine possible relationships among the distribution areas of the related taxa at the generic level. For this purpose, areas of endemism were defined on the basis of Morrone (2006) . Heuristic searches with nearestneighbor interchange branch swapping, minimizing the number of leaves added, were performed and the strict consensus trees were computed (Page, 1988 (Page, , 1993 . Missing areas were not included because they do not provide information (Page, 1988) . The last procedure corresponds to treating widespread taxa under 'Assumption 0' (Nelson & Ladiges, 1991) . 'Assumption 1' was explored in Component using the option of not mapping widespread taxa (Page, 1993) . 'Assumption 2' was not explored.
As different phylogenetic hypotheses have been put forward for Nassauvieae at the generic level, and the placement of Urmenetia within Onoserideae still remains uncertain, we reconstructed and evaluated different possible scenarios according to published phylogenetic results (Kim et al., 2002; Funk et al., 2005; Katinas et al., 2008; Panero & Funk, 2008) . For Nassauvieae, three topologies were taken into account, which correspond to the three phylogenetic hypotheses available in the literature (Funk et al., 2005; Katinas et al., 2008; Panero & Funk, 2008) . We re-analysed the data in the present study with the inclusion of Oxyphyllum. For Onoserideae, the position of Urmenetia was considered to be: (1) sister to the Plazia group (sensu Bremer, 1994) , (2) sister to the Onoseris-Lycoseris clade (Panero & Funk, 2008) , and (3) sister to all other Onoserideae, as the three plausible hypotheses given the available molecular and morphological information (Bremer, 1994; Sancho, 2004; Tellería & Katinas, 2004; Katinas et al., 2008; Panero & Funk, 2008) .
RESULTS
PHYLOGENETIC ANALYSIS
Analysis with the ndhF gene
The data matrix of ndhF consisted of 972 aligned positions, with a total of 281 variable sites, 171 of which were parsimony informative. The 3285 MPTs had 503 steps, a consistency index (CI) of 0.730 and a retention index (RI) of 0.803. No gaps were coded. The selected substitution model was GTR + I + G.
All three analyses (MP, ML and BA) produced the same topology concerning the close relatives of Gypothamnium and Oxyphyllum. The resulting tree is shown in Fig. 2A . These analyses suggest that Gypothamnium is closely related to Aphylloclados (96% bootstrap support and 100% Bayesian posterior probability), which form a well-supported monophyletic group with Onoseris and Plazia (87% bootstrap support and 100% Bayesian posterior probability).
None of the trees obtained shows this group as directly related to any other taxa ( Fig. 2A) . The analyses suggest that Oxyphyllum is closely related to Leucheria (97% bootstrap support and 100% Bayesian posterior probability), which may be sister to Jungia L.f., but the latter relationship did not have high bootstrap support and only had low Bayesian posterior probability (69%). The ML and BA analyses support Leucheria, Oxyphyllum and Jungia as sister to the rest of Nassauviinae (represented in this analysis by Adenocaulon Hook., Perezia, Nassauvia, Triptilion, Acourtia D.Don, Proustia Lag. and Trixis P.Browne), with strong support (99% Bayesian posterior probability, tree not shown), but this relationship is not suggested by the MP strict consensus tree ( Fig. 2A) . The result of the simulation analysis indicates that the resolved position of O. ulicinum, given the amount of missing data, has an accuracy of 81.6%.
Analysis with trnL-trnF and ITS
The data matrix of trnL-trnF and ITS consisted of 1824 aligned positions, with a total of 606 variable sites, 451 of which were parsimony informative. One MPT was recovered and had 2031 steps, CI of 0.47 and RI of 0.72. Sixteen parsimony-informative indels were coded. The MPT (gap codes included) had 2049 steps, CI of 0.48 and RI of 0.72. Concerning the closely related taxa of Gypothamnium and Oxyphyllum, the topologies of the MP analysis were identical between the gap-coded dataset and the non-gapcoded matrix. The selected substitution model was GTR + I + G.
All analyses (MP, ML and BA) suggested the same close relationships of Gypothamnium and Oxyphyllum. The results (Fig. 2B ) suggest that Gypothamnium is sister to Plazia (99% bootstrap support and 100% Bayesian posterior probability) and both are related to Urmenetia, although with weak branch support (54% bootstrap support and 83% Bayesian posterior probability). Aphylloclados, Onoseris and Lycoseris were not included in this analysis. The results also suggest that Oxyphyllum, Moscharia, Leucheria and Polyachyrus form a well-supported monophyletic group (100% bootstrap support and 100% Bayesian posterior GYPOTHAMNIUM AND OXYPHYLLUM 37 probability) in which Moscharia is sister to the clade consisting of all other genera (96% bootstrap support and 100% Bayesian posterior probability). The analyses resolved Oxyphyllum as sister to the LeucheriaPolyachyrus clade, but this relationship was only moderately supported (Fig. 2B) .
Analysis with rbcL, ndhF and trnL-trnF
The data matrix of rbcL, ndhF and trnL-trnF consisted of 4538 aligned positions, with a total of 649 variable sites, 298 of which were parsimony informative. Twenty-eight MPTs were recovered and had 986 steps, CI of 0.76 and RI of 0.67. Eight parsimonyinformative gaps were coded, and all were in the trnL-trnF region. The MPT (gap codes included) had 993 steps, CI of 0.76 and RI of 0.67. The topologies of the MP analysis, concerning close relatives of Gypothamnium and Oxyphyllum, were identical between the gap-coded dataset and the non-gap-coded matrix. The selected substitution model was GTR + I + G.
The three analyses (MP, ML and BA) suggested the same close relationships of Gypothamnium and Oxyphyllum. The results (Fig. 2C) suggest that Gypothamnium is related to Aphylloclados (100% bootstrap support and 100% Bayesian posterior probability) and both are related to Plazia (100% bootstrap support and 100% Bayesian posterior probability). These three genera form a group sister to the clade of Onoseris and Lycoseris (99% bootstrap support and 100% Bayesian posterior probability). The results resolve Oxyphyllum as sister to Leucheria (100% bootstrap support and 100% Bayesian posterior probability) (Fig. 2C) .
BIOGEOGRAPHICAL ANALYSIS
The geographical distribution of Gypothamnium and Oxyphyllum, resulting from the spatialization of the examined herbarium material (Appendix 2), is shown in Fig. 3 . The geographical distribution of the related genera is detailed in The resulting strict consensus area cladograms generated under 'Assumption 0' are shown in Fig. 4 . In all cases, the strict consensus area cladograms under 'Assumptions 0 and 1' were fully congruent. In the case of the relatives of Gypothamnium, the area cladograms generated under 'Assumption 0' resolve the coastal Atacama Desert as a sister area to the Andean Atacama Desert, Chaco, Prepuna and Monte (Fig. 4D-F) , whereas the area cladograms generated under 'Assumption 1' (not shown) regard all these areas in a single polytomy. The strict consensus area cladograms of the relative genera of Oxyphyllum (Fig. 4J-L) , generated under both assumptions, were identical.
With regard to Gypothamnium and its relatives ( Fig. 4D-F) , the coastal Atacama Desert forms a clade with and is sister to the rest of the areas of tropical and subtropical southern South America (Prepuna, Monte, Chaco, Andean Atacama Desert); the tropical areas of north-western South America (Yungas, Paramo and coastal Peruvian Desert provinces and the north-western South America dominion) and Mesoamerica form a basal polytomy. These relationships resulted after the analysis of all phylogenetic hypotheses, i.e. regardless of the phylogenetic position of Urmenetia within Onoserideae. Only the first phylogenetic hypothesis analysed (Fig. 4A) shows a different topology regarding the position of the Puna province being sister to the coastal Atacama Desert, Andean Atacama Desert, Prepuna, Monte and Chaco (Fig. 4D) , whereas the other two hypotheses (Fig. 4B , C) resulted in the Puna province being included in the basal polytomy (Fig. 4E, F) .
The area cladograms of Oxyphyllum and its allied genera (Fig. 4J-L) show the coastal Atacama Desert Figure 4 . Simplified cladograms and resulting strict consensus area cladograms (generated under 'Assumption 0') of the genera closely related to Gypothamnium (A-F) and Oxyphyllum (G-L). The taxon cladograms of Gypothamnium (A-C) and Oxyphyllum (G-I) correspond to the generic relationships shown in Fig. 2A -C, respectively, and are placed above the corresponding consensus area cladograms (Gypothamnium, D-F; Oxyphyllum, J-L) . The abbreviations of the biogeographical units are given in Table 1. in a clade in a polytomy together with the subAntarctic, central Chilean and Patagonian subregions and the Puna province; the Mesoamerican dominion, the tropical areas of north-western South America, the Yungas, Monte, Prepuna and Paramo provinces, and the tropical and subtropical areas of eastern South America (Chacoan and Parana subregions), form a polytomy (Fig. 4J ) in the first phylogenetic hypothesis (Fig. 4G) , where only Jungia and Leucheria are considered as close relatives of Oxyphyllum (see Fig. 2A ). However, when more taxa are taken into account (Fig. 4H, I ), in accordance with Katinas et al. (2008) and Panero & Funk (2008) , respectively, the polytomy becomes more differentiated (Fig. 4K,  L) , whereas the closely related areas to the coastal Atacama Desert remain the same (Fig. 4L) or include also the coastal Peruvian Desert and the Andean Atacama Desert (Fig. 4K) , which seems to be the direct effect of the inclusion of Polyachyrus in the analysis ( Fig. 4H ; see Fig. 2B and Table 1 ).
DISCUSSION SYSTEMATIC PLACEMENT
The systematic position of the monotypic genera Gypothamnium and Oxyphyllum, based on our molecular phylogenetic analysis, largely supports previous assignments using morphology. The close relationship of Gypothamnium to the Plazia group of Bremer (1994) , previously suggested by Cabrera (1951) , indicates the phylogenetic relevance of the morphological synapomorphies that unite this group, i.e. foliage of closely set and narrow leaves, sessile capitula, rather stout, truncate, coloured anther appendages (Bremer, 1994) , pollen ectosexine slightly thicker than the endosexine, a diffuse mesoaperture and an apertural membrane densely microgranulate at the equator (Tellería & Katinas, 2004) . Cabrera (1951) Funk et al., 2005) seems to be well supported (Fig. 2) , as already suggested by Hoffmann (1897), although some authors have considered it differently. Jansen & Palmer (1988) suggested that Onoseris was closely related to Stifftia Mikan, but with low branch support and a much smaller sampling scheme, whereas Kim & Jansen (1995) did not report well-resolved relationships of Onoseris. Karis et al. (1992) showed Onoseris as sister to Nassauviinae, whereas Hansen (1991a) and Bremer (1994) et al. (2008) and those shown here support the inclusion of Urmenetia in Onoserideae, which is also in agreement with Panero & Funk (2007) . Furthermore, Panero & Funk (2008) suggested the monophyly of Onoserideae as composed of Onoseris, Lycoseris, Plazia and Aphylloclados. Our analysis shows that Gypothamnium clearly belongs to this group. Unfortunately, the sampling of Onoseris and Lycoseris in our analysis is limited to one species each, reported by Panero & Funk (2008) . The inclusion of more species of the genera Aphylloclados, Onoseris, Lycoseris and Plazia should help to resolve generic limits within Onoserideae. Bremer (1994) placed these genera in separate groups (the Plazia and Onoseris groups) and considered Lycoseris as an isolated genus. Traditionally, genera belonging to the Plazia and Onoseris groups have been assigned to Gochnatiinae (Hoffmann, 1897; Cabrera, 1977) . According to Panero & Funk (2008) , Onoserideae is well resolved as sister to all other Mutisioideae (sensu Panero & Funk, 2002 , whereas Gochnatieae occupies a more derived phylogenetic position outside Mutisioideae. Concerning the relationships of Oxyphyllum, our study supports the previous results of Crisci (1980) , who suggested its closest relative to be Leucheria. Sister to the clade of these genera is Jungia (Kim et al., 2002; Funk et al., 2005) , but this clade has low bootstrap support and only a moderate Bayesian posterior probability (Fig. 2A) . The phylogenetic relationships of Leucheria and Oxyphyllum within the Leucheria group are unclear (Bremer, 1994) ; the Leucheria group does not possess obvious morphological synapomorphies. Jungia was formerly associated with the monotypic genus Pleocarphus D.Don endemic to north-central Chile (for example, Hoffmann, 1897; Reiche, 1905; Crisci, 1974a Crisci, , 1980 Hansen, 1991a; Bremer, 1994) . However, Harling (1995) argued that it is more likely to be closely related to Marticorenia Crisci, also monotypic and endemic to central Chile, and to Holocheilus Cass., with c. six species from Brazil, Paraguay, Uruguay and Argentina (Cabrera, 1968 (Cabrera, , 1977 . Bremer (1994) included Holocheilus, Leucheria and Oxyphyllum in the Leucheria group, and treated Jungia, Marticorenia and Pleocarphus as 'other Nassauviinae genera', indicating that, in agreement with Crisci (1974a Crisci ( , 1980 , they are related to Trixis and Ameghinoa Speg. This last scenario seems to be supported by recent phylogenetic molecular studies (for example, Katinas et al., 2008; Panero & Funk, 2008) , but none of these genera appears to be closely related to Leucheria or Oxyphyllum, but to Doliclasium Lag. and Holocheilus (Katinas et al., 2008; Panero & Funk, 2008; Fig. 2B, C) , although the molecular analyses to date have not sampled Pleocarphus or Marticorenia. Bremer (1994) suggested that the intergeneric relationships within Nassauviinae are still unresolved. Kim et al. (2002: 603) were also unable to resolve well the relationships in Nassauvieae. As suggested by Kim et al. (2002: 604) , the monophyly of this subtribe has not been confirmed by ndhF data with MP analysis (Kim et al., 2002: 603-604) . Our results from ML analysis and BA provide good support for its monophyly (99% Bayesian posterior probability, not shown; cf. Kim et al., 2002: 601) . Two groups can be recognized within the Nassauvieae in the Bayesian ndhF phylogeny (not shown), one composed of the above-mentioned Jungia, Leucheria and Oxyphyllum, and the other consisting of the rest of the analysed genera, including Adenocaulon, (sub-)tribal placement of which remains controversial (Katinas, 2000; Kim et al., 2002; Hind, 2007) , although Panero & Funk (2008) resolved Adenocaulon as nested within Mutisieae. The monophyly of Nassauvieae has also been suggested by morphological characters, penicillate style branches (Crisci, 1974a; Cabrera, 1977; Bremer, 1994) and exine sublayers with similar structure (Crisci, 1974a; Tellería et al., 2003) , but the latter seems to be symplesiomorphic (cf. Urtubey & Tellería, 1998; Tellería et al., 2003) . The monophyly of Nassauvieae was well supported in the analyses of Katinas et al. (2008) and Panero & Funk (2008) , within which Oxyphyllum is deeply nested and related to Leucheria, but not to Jungia (Fig. 2B, C) . Including Oxyphyllum in the dataset of Katinas et al. (2008) shows that the genus forms a well-supported clade, which also includes Leucheria, Moscharia and Polyachyrus (Fig. 2B) . The sister position of Moscharia with respect to the three other genera is well resolved (Katinas et al., 2008 ; Fig. 2B ), but the relationships among Leucheria, Oxyphyllum and Polyachyrus remain only moderately supported (Fig. 2B) . Although the monophyly of the genera Moscharia and Polyachyrus has been suggested to be well established (Katinas & Crisci, 2000; Katinas et al., 2008;  Fig. 2B ), a broader sampling of Leucheria may be necessary to clarify the relationships among these genera, and the interpretation of the evolution of the secondary heads in Nassauvieae, developed by Katinas et al. (2008) , may need to be re-evaluated in the light of the phylogenetic placement of Oxyphyllum. Indeed, the results of Katinas et al. (2008) are in agreement with the position of Hellwig (1985) , who argued that any comparison between Moscharia and Polyachyrus must also include Leucheria. Our results show that such a comparison should also include Oxyphyllum.
The systematic position of Gypothamnium and Oxyphyllum among their closest relatives seems to be confirmed by different molecular datasets and by morphology. However, several aspects of the systematics of Mutisioideae remain largely unresolved. Some of these aspects have been discussed in previous studies (for example, Cabrera, 1977; Bremer, 1994; Kim et al., 2002; Hind, 2007; Katinas et al., 2008; Panero & Funk, 2008 ) and a deeper discussion on the subject is beyond the scope of this contribution. Nevertheless, the re-analyses performed here on published datasets have yielded slightly different results. Such differences may be a result of different alignments and/or sampling schemes.
BIOGEOGRAPHY
The biogeographical analyses performed for the genera Gypothamnium and Oxyphyllum (Figs 3, 4 ; Table 1 ) suggest two biogeographical patterns. One is represented by Gypothamnium and its allies, in which the origin of the species in the coastal Atacama Desert was directly linked to groups inhabiting the subtropical areas of eastern South America and the Andean Atacama Desert (sensu Gajardo, 1994 ; Fig. 4D-F) . This pattern is similar to that observed in Heliotropium section Cochranea, endemic to the Atacama Desert (Luebert & Wen, 2008) , in which the close relatives largely occupy areas of eastern South America (Johnston, 1928; Förther, 1998) . It is worthwhile noting that one of the primitive lineages within Heliotropium section Cochranea (H. glutinosum Phil.) is an inhabitant of the Andean Atacama Desert, whereas most of the derived taxa are restricted to the coastal zone of Atacama. Chuquiraga section Acanthophyllae (Ezcurra, Ruggiero & Crisci, 1997) , Malesherbia section Malesherbia (Gengler-Nowak, 2002) and Nolana (Dillon et al., 2007) also show ancestral taxa in the Andean range and a later diversification in the coast. This distribution pattern can be explained by mass landslides (Ochsenius, 1999) and streamflow (Nester et al., 2007) from high to low altitudes that have taken place in the Quaternary and possibly earlier, which may have promoted gene flow from the Andes to the coast, followed by isolation of the established populations in the coastal Atacama. Assuming such a scenario, it is unlikely that G. pinifolium is a palaeopolyploid, as suggested by Grau (1987) ; instead, it is more likely to be a neopolyploid.
In the case of Oxyphyllum, the closely related Leucheria, Moscharia and Polyachyrus are largely distributed in central Chile, with representatives in southern Chile and in Patagonia, as well as in the Puna and the Atacama Desert (Table 1; Fig. 4K ). Although a broader sampling of Leucheria is needed to fully understand the biogeographical origin of Oxyphyllum, it has been suggested that Oxyphyllum represents a later stage in the geographical diversification of Leucheria by colonizing the arid environments of the Atacama from central Chile (Crisci, 1974a) . Polyachyrus, mainly diversified in the coastal Atacama Desert (Johnston, 1929; Ricardi & Weldt, 1974) , could also represent a later colonization of arid environments of the Atacama and Peruvian Deserts from central Chilean ancestors (Katinas & Crisci, 2000; Katinas et al., 2008) . The phylogenetic position of Moscharia, almost endemic to central Chile (Crisci, 1974b) , in relation to Oxyphyllum and Polyachyrus (Fig. 2B) , and the concentration of the specific diversity of Leucheria in central Chile (Crisci, 1976) , seem to support these hypotheses. A similar scenario has been proposed for Tropaeolum section Chilensia (Hershkovitz et al., 2006b ). This clearly represents a different pattern of biogeographical relationships of the Atacama endemic taxa in comparison with Gypothamnium. A preliminary chromosome count of Oxyphyllum based on material of Dillon & Teillier 5106 (F, see Appendix 2) shows n = 33, as reported here. This species should also be treated as a neopolyploid.
Furthermore, deep in the phylogenetic relationships, the ancestral group related to Gypothamnium, represented by Onoseris and Lycoseris, is distributed in the tropical areas of north-western South America and Mesoamerica (Table 1 ; Fig. 4D-F) . The distribution of the sister groups of the group formed by Leucheria, Moscharia, Oxyphyllum and Polyachyrus (Table 1 ; Fig. 4J-L) suggests, as for Gypothamnium, an ancestral origin of the southern South American taxa in the tropical areas of north-western South America and Mesoamerica, but with the taxa more broadly distributed reaching into south-eastern Brazil, Uruguay and north-eastern Argentina, as well as the southern part of the USA. A similar ancestral biogeographical pattern has been detected in Heliotropium, in which the sister clade of Heliotropium section Cochranea reaches north-western South America and Mesoamerica (Luebert & Wen, 2008) . Croton chilensis Müll.Arg., endemic to nearly the same area as Gypothamnium and Oxyphyllum, seems to be related to a species group of tropical Andean origin (Berry et al., 2005) . Table 1 shows that the Puna province has the largest number of analysed genera present, both within Onoserideae and Nassauvieae. This is in agreement with the suggestion of Katinas, Morrone & Crisci (1999) that the Puna province (where the authors included the area of the Atacama Desert) is an area of confluence of neotropical and austral elements. Kim et al. (2005) , using an internal fossil-based calibration of an outgroup and a non-parametric method, have proposed that Asteraceae originated in the mid-Eocene (45-49 Ma). Later, Hershkovitz et al. (2006a) , using a secondary calibration for the asterids (Bremer, Friis & Bremer, 2004 ) and a semiparametric method, suggested a more recent origin (36 Ma). This discrepancy cannot be attributed to the different methods employed when using the same dataset and the same fossil calibrations, as has been suggested by Anderson, Bremer & Friis (2005) , who showed that excluding fossils gives younger ages for the clade to which the fossils belong. Unfortunately, the scarcity of reliable fossil records for Asteraceae makes it difficult to elaborate and test hypotheses on the time of origin of the family. The minimum age of Asteraceae may be regarded as the mid-Eocene (c. 38 Ma), because the oldest reliable fossil record of the family comes from that time (Graham, 1996; Zavada & De Villiers, 2000; Scott, Cadman & McMillan, 2006) . Recent studies have shown that the area of the current location of the Atacama Desert has long been arid, even in pre-Tertiary times (Hartley et al., 2005; Clarke, 2006) . We argue that it is not possible to trace so far back for the origin of the present Atacama Desert flora, for the following reasons: (1) the evolutionary replacement rate of plant taxa in arid environments has been suggested to be rapid (Stebbins, 1952) ; (2) there has been a history of climatic (for example, Zachos et al., 2001 ) and geological (for example, Gregory-Wodzicki, 2000; Garzione et al., 2008) events since then that may have played an important role, leading to extinction and diversification of biotic groups; and (3) hyperaridity did not develop until the Pliocene (Hartley, 2003) . Luebert & Wen (2008) proposed the middle Miocene as the minimum age for the origin of Heliotropium section Cochranea, facilitated by the vicariant effect of the Andean uplift, with a Pliocene diversification in the arid environments of Atacama. A similar timing or even more recent times have been proposed for the diversification of other groups in the Atacama Desert, such as Polyachyrus (Katinas & Crisci, 2000) , Malesherbia (Gengler-Nowak, 2002) , Chaetanthera Ruiz & Pav. (Hershkovitz et al., 2006a) and Tropaeolum (Hershkovitz et al., 2006b) . The vicariant effect of the Andes has also been suggested for the fauna of arthropods (Roig-Juñent et al., 2006) . Based on the data presented here and those from the published literature, we propose that the Andes have played an important role in the origin and diversification of the Atacama Desert flora in three different ways. First, they have acted as a corridor and allowed the northsouth geographical range expansion of taxa. Second, they have been a vicariant barrier and separated groups on the eastern and western sides of the Andes. Third, they have served as a new niche for speciation in high-elevation environments. The first may explain the pattern of some related groups having a distribution range along the Andes and adjacent zones; the second may account for the close relationships among taxa on both sides of the Andes; and the third may explain the fact that there are phylogenetically related taxa in the basal areas of both sides of the Andes and also at high elevations. These three kinds of process and the development of aridity in the Atacama may have led to the complex origin and diversification of Gypothamnium and Oxyphyllum.
